ABSTRACT: Currently, evaluation of the stability of spinal instrumentations often focuses on simple pull-out or cyclic loading. However, the loading characteristics and the specimen alignment rarely simulate physiological loading conditions, or the clinical situation itself. The purpose of this study was to develop an alternative setup and parameters to compare static and dynamic characteristics of pedicle screws at the bone-implant interface in lumbar osteoporotic cadavers. A corpectomy model development was based on ASTM-1717 standard, allowing a deflection of the cranial and caudal element under loading. Twelve human osteoporotic vertebrae (L1-L4) were analyzed for morphological CT-data and T-Score. For group A (n ¼ 6) loads were simulated as in vivo measurements during walking, representing 2 months postoperatively. A subsequent pull-out was performed. Group B (n ¼ 6) was tested with pure pull-out. Screw loosening at the tip/head was optically measured and analyzed with respect to clinical patterns. Correlations between CT-data, T-Score, and in vitro parameters were determined. For group A, the subsidence for the head/tip was measured towards the upper/lower endplate, resulting in visible deflections. The progress of the subsidence was greatest within the first and last cycles until failure. The predominant patterns were pure rotation and toggling. However, the pull-out between groups was not significantly different. Pedicle-angle and cyclic-subsidence correlated with R ¼ 0.806/0.794. T-Score and pull-out correlated only in group A. With the corpectomy setup, clinically observed wipe effects and a loss of correction could be simulated. The presented parameters facilitate analysis of the complex changing load distributions and interactions between the left and right bone-implant interface. ß
Patients with osteoporosis suffer from a structural weakness of the bone. The predominant consequence for the musculoskeletal system is an increased fracture risk. The incidence of vertebral fractures was reported to be 6.8-12.1 per 1,000 habitants for the European Union in 2002. 1 When a surgical intervention is indicated, various stabilization methods are possible. Dorsal pedicle screw instrumentation is one of the most established procedures. However, general complications, such as screw loosening, cut-out, and non-union or vertebral fractures after spinal surgery are reported, having a wide range of 2.1-24.3%. 2, 3 Under osteoporotic conditions, the fusion might be delayed by prolonged callus formation and bridging, reduced secondary stability, and accelerated screw loosening. 2, 4, 5 The stability of instrumentations essentially depends on the quality of the bone-implant interface. 6 These have been evaluated numerously in pull-out experiments in past and present times. [7] [8] [9] [10] Some authors reported positive correlations between axial pull-out strength and bone mineral density (BMD), even though testing parameters varied considerably. [8] [9] [10] However, the loading of the human spine during daily activity is highly complex. Clinical observations of implant failure rates due to pedicle screw pull-out are very low (0.2-1.0%) and do not support the conclusions of the static experimental testing method in general. 3 A critical view on this simple static test method appears to be more than eligible, and further development seems to be indicated.
In more complex studies, the bone-implant interfaces were evaluated by cyclic loading of the screws, while the vertebral body was fixed. [11] [12] [13] The orientation of the applied load relative to the vertebral body and the implanted pedicle screw varies. In vivo measurements showed that the loading conditions of the human spine differ from assumed parameters for in vitro testing. In vivo compression implant loads of maximum 300 N and flexion bending moments from 3.0 to 7.5 Nm during walking were examined. 14 The in vitro investigation of clinically observed failure modes and the study of primary implant stability, especially in osteoporotic vertebra, are challenging and often reveal unsatisfactory evaluations. Therefore, the objective of this study was the development of an alternative test setup corresponding to physiological loading conditions, allowing a comparison of static and dynamic characteristics of pedicle screws. The corpectomy model should furthermore reflect the complex and coupled loading conditions in osteoporotic, instrumented vertebras. This should allow a deflection of the instrumented vertebrae similar to an in vivo walking condition. approval was obtained from our Institutional Review Board. BMD was determined from quantitative computer tomography prior to testing; its value of 92.4 AE 24.9 mg Ca-HA/ml corresponds to a T-Score of À2.8 AE 0.85, representing an osteoporotic condition. Morphological data where analyzed from CT-data, including pedicle width, height, and its ratio, as well as the pedicle angle to the sagittal plane. The width and height were determined at the minimal distance of the pedicle.
The specimens where divided into two testing groups, 2Ân ¼ 6 (each instrumented with two screws). Attention was paid to an equal distribution of morphological parameters and T-Score between the groups. Group A was tested cyclically in the corpectomy setup with subsequent pull-out, and group B was tested as reference with pure pull-out only. To avoid dehydration the specimens were kept moist during testing with saline solution (0.9% NaCl).
Corpectomy Setup
Our corpectomy setup was developed as based on specifications of ASTM F1717-04. According to this standard, a pedicle screw system is fixed to two axial hinged plastic blocks, representing the cranial and caudal vertebra adjacent to a defect, resected vertebra ( Fig. 1) . In the present setup, a human vertebra replaced the caudal plastic block. The frequency for the cyclic loading was set to 1.83 Hz, which corresponds to a physiological step cadence of 110 steps/ min. 15, 16 A number of 60,000 cycles was performed with a servohydraulic testing machine (Instron 8874, Norwood, MA) and was based on two assumptions from the literature: Bony bridging is described after a period of 2 months postoperatively, 14, 17 and during convalescence after surgery, patients perform an average of 1,000 steps/day. 18 The lever arm of the polyaxial pedicle screws was a constant 45 mm. The applied load was set to 100 N preload plus 160 N for the cyclic test protocol, which corresponded to a moment of 5.85 Nm for each pedicle screw in the sagittal plane. The selected loads correspond to in vivo findings of others.
14 Actuator thresholds were set to a height reduction 10 mm for preload and 15 mm for preload þ cyclic loading. The fusion rods (Orthobiom, Paradigm Spine, Wurmlingen, Germany) were distractible and a distance of 76 mm between cranial and caudal pedicle screws was defined. The screw dimension was 6 Â 45 mm (DSS, Paradigm Spine) (Fig. 2) . The motion of each pedicle screw relative to the vertebra was recorded with an optical measurement system (NDI Optotrak-Certus, Waterloo, Ontario, Canada). The fixation of the active optical markers allowed a referencing of both the screw head and tip. A pivoting algorithm of the optical measurement system referenced the tip. A coordinate transformation of the measured data referenced the head. One optical marker was fixed to the processus spinosus and referenced to the cranial endplate. The accuracy of the optical measurement system had been evaluated previously as 0.001 AE 0.034 mm for translations and 0.075 AE 0.12˚for rotations. 19 Pull-Out Setup For Group A, the cyclic testing was followed by a static pull-out test with a second material testing machine (Zwick/Roell-Z005, Ulm, Germany). For Group B only the pull-out test was performed. Therefore, the screw axis was aligned to the tensile loading direction. The testing velocity was set to 1 mm/s. The screws were loaded until failure (Fig. 3) .
Measured Parameters and Data Analysis
In the cyclically tested group A (corpectomy setup), each screw motion was measured. Mathematical analyses were performed with custom-made software routines in MatlabR2013b (The MathWorks Inc., Natick, MA). Signal noise of the motion data was reduced via Savitzky-Golay filtering. Polynomial fitting of sixth order was applied to the position data at the points of inflection.
The displacements for the screw head and tip were calculated. First, the displacement after preloading was calculated and defined as preload subsidence (PS) which describes the settling under static loading. For the subsequent cyclic loading, the cyclic screw subsidence (CSS) and screw cut out (SCO) were determined. The CSS was defined as subsidence behavior of the screw head and tip and was calculated as difference between the inflection points under load (preload þ cyclic load) at the first and final cycle. The SCO was defined as the distance between the upper (preload) and lower (preload þ cyclic load) inflection point within one cycle. The SCO is presented as mean for the first and as mean for the final 4,000 motion loading cycles.
To investigate the maximum progress of screw subsidence (MPS), displacement vectors were calculated for each increment of 1,001 cycles. The maximum magnitude under load was determined from cycle n to n þ 1000 and is presented as MPS. Diagrams for each screw and parameter were generated for qualitative analyses of screw loosening over cycles.
Additionally, each motion cycle was analyzed for patterns and assigned to one of the following three categories:
1. Pure cranio-caudal translation of the screw axis. 2. Pure sagittal rotation of the screw axis. 3. Combined rotation and translation of the screw (toggling).
Undefined Motion Pattern Category 1
Translational motion was detected if both, head and tip movement, showed a simultaneous minimum or maximum position.
Category 2
Rotational motion was detected if an opposite movement of the head and tip showed a simultaneous turning point with a minimum/maximum for the head and a maximum/minimum for the tip position in the sagittal plane of the vertebrae.
Category 3
Combined rotation and translation was defined as rotational motion (see above) with temporal change in direction of the tip movement (translation). Therefore, the algorithm had to detect two turning points for the tip, whereas only one turning point had to be detected for the head.
Category 4
Undefined pattern was defined as all movements, different from categories 1-3.
All parameters where tested for normal distribution and are presented as medians and first/third quartile. To detect significant differences between head and tip motion, explorative analyses were performed via the Wilcoxon-signed-rank test. The pull-out between groups was analyzed using the Mann-Whitney-U test. The level of significance was set to p ¼ 0.05. For a possible relationship between the pull-out force and the morphological data, as well as the T-Score, the Spearman correlation was calculated.
RESULTS
The statistical analysis of the morphologic parameters and the bone mineral density showed no significant differences between Groups A and B (p > 0.05).
Corpectomy Setup Screw Displacement
After preloading the screw, PS was measured and found to be þ0.5(0.3/1.3) mm for the head and À0.7 (À0.6/À1.0) mm for the tip from the initial screw position. Head and tip showed an opposite behavior in five out of six vertebras: While the head moved cranially, the tip moved caudally towards the lower endplate (Fig. 4) . One vertebra showed a simultaneous subsidence for head and tip. For this vertebra the highest T-Score of À2.22 and smallest pedicles of 6 mm in width and height were found.
For the subsequent cyclic loading, a behavior similar to the PS was observed for the CSS of the head and tip. The CSS was determined to be 2.3(0.6/3.4) mm for the head. For the tip the CSS was À1.6(À0.6/À2.3) mm into the opposite direction. Subsidence was also seen for the upper inflection point (only preload), resulting in an extension of the vertebra and a permanent height reduction of the construct until the machine threshold was reached (Fig. 5) . Therefore, only two vertebras passed 60,000 cycles. For the other specimens loading stopped after 6,500/13,000/35,000 cycles. However, only one specimen showed macroscopic pedicle fractures after 6,500 cycles. For this specimen PS was 0.4 mm for the head and 0.7 mm for the tip and was nearly equal for both pedicles. The SCO was calculated as 6.5 mm (left) and 1.4 mm (right) for the first cycles before pedicle fracture. Therefore, the specimen had to be dismissed from further load testing and any statistical analysis.
The SCO for the head was calculated for the first as 0.6(0.5/0.6) mm and reduced to 0.4(0.3/0.4) mm for the final cycles. At the tip the SCO was 0.9(0.8/1.2) mm for the first and 0.7(0.5/0.8) mm for the final cycles which is about 1.5Â that of the head motion (Fig. 6) .
The total maximum subsidence during the measurements under preload þ cyclic load was 4.4 mm at the head and 4.5 mm at the tip.
The progress of the screw subsidence was largest within the first 1,000 cycles and MPS was 0.14(0.07/ 0.42) mm for the head and 0.17(0.11/0.45) mm for the tip. For the following increments, the MPS was lower, but increased considerably within the last measured increments (Fig. 7) . The results for the calculations from the optical measurement are summarized in Table 1 .
Motion Pattern Characteristics Category 1
Pure translation was observed for 10.5% of all cycles of the screws.
Category 2
A pure rotation was observed for 32.7%.
Category 3
29.2% of all motion cycles can be characterized by a combined toggling and translation.
Category 4
An undefined motion was detected for 27.6% of the cycles. 
Pull-Out Test
The pull-out force of Group A was determined to be 437(244/464) N. For Group B, the pull-out force determined was 503(297/731) N. Although the pull-out force after cyclic loading was about 13% lower than without, the results of both groups did not differ significantly (p ¼ 0.229).
Correlations and Morphology
Correlations were observed between the pedicle width and PS R of 0.758 for the tip and a lower SCO R of 0.585 for the final cycles of the head cut out, but no correlation was observed between pedicle width and SCO for the tip. Between the pedicle height and SCO of the tip a correlation of R ¼ À0.552 for the first motion cycles was found. The pedicle ratio and the PS of the tip correlated with an R of 0.648. The pedicle angle correlated with the CSS R of 0.806/0.794 (head/ tip) and with the MPS R of 0.685/0.608 (head/tip) (Fig. 8) .
For the rest of the motion parameters no, or only a low correlation could be observed with the T-Score or other morphologies.
In Group A, a correlation was calculated between T-Score and pull-out after cyclic loading with R ¼ 0.689. The pedicle width correlated significantly with the pull-out R of À0.697. In Group B, (only tested with a pure pull-out), no correlation was observed.
DISCUSSION
Interpretation of primary stability at bone-implant interfaces is a constant challenge in clinical practice and biomechanical research especially in osteoporotic vertebrae. In the present study, pedicle screw behavior was characterized extensively during the simulation of physiologically related cyclic loading conditions and followed by a non-physiological, static pull-out. The applied loads were consistent with the in vivo loads measured elsewhere. 14 The present setup allowed a flexion/extension motion of both construct partners: The embedded vertebra and the corresponding plastic block. Under craniocaudal loading, the cranial clamp was compressed and the construct partners could deflect-similar to the mechanism of the spine during walking. In contrast, other authors applied the load parallel to the pedicle screw axis via the longitudinal fusion rod of the implant system. 11, 12 However, the major load to the spine during walking is an axial force and bending moment. 14, 17 There are also setups which seem to be very similar 
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to the corpectomy setup presented here. 13, 20 Their rigid fixation of the caudal vertebra does not simulate the physiological condition. Furthermore, by mounting of the optical marker to the testing machine, a detection of a relative motion between the caudal vertebra and the machine is not possible, and therefore a possible loosening of the clamped specimen is potentially unnoticeable. During the development of the present setup, these aspects were considered and addressed.
A standard spinal instrumentation, based on a pedicle screw system, minimally includes a cranial and a caudal pedicle screw, which are rigidly coupled to a longitudinal rod. This has to be considered when comparing results to those of other studies. Several authors used a hinged, instead of a rigid fixation of the fusion rod to the machine actuator, expecting to observe cranio-caudal screw loosening. 12, 13, 21 Wittenberg induced a cyclic load via displacement control on a hinged screw head, investigating various parameters, such as screw dimension and insertion method. 21 They simulated a non-rigid construct. Consequently, the simulated loading did not represent the situation in a dorsal rigid instrumentation; this therefore limits their conclusions about the primary screw stability at the bone-implant interface.
Preloading the screws of Group A showed a low subsidence of an opposite behavior of the screw head and tip combined with a macroscopic deflection of the vertebra into extension. This observation does not necessarily have to be interpreted as a loss of stability, as long as the bone-implant interface provides sufficient load-bearing capacity. This static loading simulated a trunk force on the implant system and could thus help to indicate early failure mechanisms at the bone-implant interface.
During subsequent cyclic loading, a condition similar to walking parameters corresponding with the first postoperative weeks was tested. The CSS revealed that the screw head subsidence was larger than the tip subsidence. Relative to the vertebra, the head moved towards the cranium, whereas the tip moved towards the cauda. The initial orientation of the screw axis, for example, parallel to the upper vertebral endplate, no longer exists and the screw toggled. Larger values indicate implant loosening and loss of correction while the vertebra deflects towards extension.
The SCO results showed two major effects:
(1) The screw motion of the tip was 1.5 times larger than the head motion, which mimics the typical clinical wipe effect. At the screw tip, the thread has only a small distributing load surface, which at the same time is the contact area to the cancellous bone. Under cyclic loading the weak structures of the osteoporotic cancellous bone are compressed until breakage, which reflect a low load-bearing capacity, 5 An increasing SCO was the consequence. (2) The motion of the head and tip decreased, which could indicate a canting effect of the screw within the pedicle. This result corresponds to the CSS with a deflected vertebra towards extension. Both effects and combinations occurred for the left and right pedicle with changeovers during the loading cycles. In conclusion, the instrumentation and loading of both sides of vertebra is the only possibility for further investigation of changes in load distribution and primary stability. Setups using single-side instrumentation should be seen very critically, with regard to the demonstrated complex loading mechanism in the instrumented spine.
The MPS was largest for the first cycles, decreased during mid cycles, but increased again within the last cycles until threshold or 60,000 cycles. This indicates a yielding cortical structure and predicts a pedicle failure.
For the analysis of the motion patterns, we expected three major patterns, translation and rotation and a combination defined as toggling. However, we observed a quite small percentage of pure translation (category 1). In the setup, a pure translation inter alia could occur when two conditions are met: (i) screw diameter and pedicle dimensions do not fit properly and (ii) the cancellous bone at the screw tip has only a low capacity to bear load. As a result, the motion of the screw head and tip could be in the same direction. The majority of detected patterns were rotation and toggling (categories 2 and 3). The rotation could result under preload, as the rigid coupling between screw head and longitudinal fusion rod transferred the load to the bone-implant interface, for example, when the section close to the screw head, and the cortical bone of the pedicle were in contact with each other. As a consequence, the screw tip could rotate around this pivot, which reflects a typical clinical wipe effect.
Undefined motion patterns were found in 27.6% of the cycles. As the motion analysis algorithm was restricted to the first three categories, all other motion patterns, for example, slopes, were assigned to an undefined pattern (category 3). The present data allows the assumption that the motion patterns are subject to alteration over cycles. Further analysis of this parameter could improve our knowledge about the SCO mechanism in terms of the four motion categories, and help us understand early failures here.
The low pull-out forces of both groups can be explained by the osteoporotic specimen condition. These results are consistent with those seen in the literature. 8, 22 However, it was only in the cyclically tested Group A where a correlation between T-Score and pull-out force could be observed. A subsequent pull-out of the pedicle screws after cyclic loading was performed by several authors. 11, 12, 20, 21, 23 However, their prior loading did not mimic the in vivo load conditions. Therefore, findings and correlations of the present study do not necessarily have to substantiate published findings.
The morphological parameters were analyzed to correlate implant loosening behavior. The pedicle angle and CSS correlated with each other. This finding assumes that an increased angle leads to an increased CSS. One reason for the correlation between pedicle angle and CSS could be an inhomogeneous distribution of the cancellous bone in the vertebral body. 24 With an increasing pedicle angle, the converging screw tips are positioned in a region of less cancellous bone structure closer to the center of the vertebral body and the CSS can increase. Along with an increasing angle, the screws converge more, and stability reduces. This effect for converging and diverging screws in an osteoporotic bone model has already been described. 25, 26 With a constant screw length of 45 mm the screw tip was likely to end in the middle of the vertebra for several specimens of larger dimensions. In clinical practice, for osteoporotic vertebra screws in a converging alignment, the longest ones possible are chosen. However, in order to keep the testing conditions constant for the corpectomy model, the screw dimension was kept the same for all specimens.
CONCLUSIONS
Pure pull-out does not reflect the clinically observed failure mechanism of pedicle screws. By cyclic loading close to physiological conditions during walking, it was possible to simulate a postoperative loading condition in vitro. The corpectomy model and the presented parameters are particularly suitable to investigate the interaction between the left and right screw at the implant-bone interface. Furthermore, the measured motions allow conclusions for the complex load distribution and its alteration. We are convinced that the setup and parameters described represent an adequate method for the development and evaluation of specific treatment options for the osteoporotic spine.
